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BACKGROUND 

About 15% of couples have reduced fertility and approximately one-half of these are due to 
nrale infertility, usually of genetic origin. Common treatments include dmg therapy, surgery, 
testicular sperni extraction (TESE) and magnelaser therapy. Genetic defects are believed to be 
the most prevalent cause of abnonnalities, which result in the loss of specific DMA segments 
and ultimately leads to loss of vital genes for sperm production. 

There are several technologies currently under development that target male infertility, including 
recombinant human zona pellucida protein {rhZP3) and glycosylated peptides having biological 
activity of binding to human spermatozoa, a TIAP polypeptide, and use of n-acetyl-l-cysteine to 
treat and prevent Inflammation-based infertility. 

Addressing male contraception is a much trickier subject since men produce approximately 100 
million sperm every day, compared to women, who produce one functional gamete per month. 
That having been said, there are numerous ongoing efforts aimed at male contraception. 

The invention described herein represents a major step forward in understanding the 
cell-cell interactions that occur during a crucial step In mammalian fertilization. In order 
for a sperni to fertilize an egg, it must bind to the egg's outer layer. This attachment Is 
highly specific, as spemi generally only recognize eggs from the same species. The 
protein described here, SED1, Is Involved in this attachment. The absence of SED1 
significantly decreases fertility. SED1 can be used as the technological basis for 
infertility treatments and/or contraceptive treatments. The Invention also provides the 
technology basis for diagnosis of Infertility. 

BRIEF SUMI\/IARY OF INVENTION 

The Invention described herein may be used for both diagnostic and therapeutic purposes. The 
invention describes the SED1 protein. 
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Mouse SED1 is located on the surface of mouse sperm. Antibodies against SED1 block spemv 
egg binding. Genetically engineered mice that lack SED1 were significantly less fertile than 
nomial mice. Although the sperm from SED1 -deficient mice were mobile and produced in 
nomial quantities, the spemi generally failed to bind eggs, proof that SED1 is an integral 
component of sperm-egg binding. 

The invention described herein comprises diagnostic tests, and methods to diagnose, the 
presence or absence of SED1 in mammalian species. The invention also contemplates 
diagnostic tests and methods to assay for mutant SED1 proteins, as well as methods and tests 
to quantify the protein. The various versions of SED1 across different mammalian species have 
substantial homology. Human SED1 is also known in the literature as BA46. 

In another aspect of this invention, the invention comprises compositions of SED1, homologous 
proteins (including truncations, deletions, etc.), and peptides derived from SED1, useful for 
enhancing fertility by adding to spemi or eggs in vitro or in vivo. The invention also 
contemplates compositions of peptides, peptide mimetics, and small molecules that resemble 
the binding motifs in SED1. Said compositions can be applied in any manner such that they 
may bind to spemi or eggs, such as, for example, topical application of a vaginal cream 
containing said composition. For example, SED1 homologues could be incorporated into 
commercially available vaginal nnoisturizers. Altematively, SED1 homologues could be added 
to in vitro mixtures of spenm and eggs. This process would greatly facilitate conception for 
couples attempting in vitro fertilization wherein a diagnostic test had indicated that the spemi 
lacked sufficient, functional SED1-type protein. Relative molar ratios of SED1 or SED1 variants 
to sperm could be between 0,1 to 1 and one billion to one. 

The invention comprises methods of producing recombinant SED1 and SED1 variants. Post- 
translational processing does not appear to significantly affect the protein's functional ability, at 
least as it relates to spemi-egg binding. Accordingly, the invention specifically contemplates 
methods and composition for produdng SED1 and SED1 variants (including deletions, 
mutations, and truncations, and combinations thereof, wherein the SED1 variants maintains at 
least 80% of the binding affinity of the native protein) in bacteria (e.g., Bacillus subtilis) and 
yeast (e.g., Sacctiaromyces cerevisiae) species. 
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In another aspect of this invention, SED1 could be the basis for treatments aimed not at 
increasing the lilceHhood of fertilization, but rather targeted at preventing it. This application 
describes experimental results showing that sperm-egg binding can be disaipted by molecules 
that block the binding site. Accordingly, this invention comprises methods for preventing 
pregnancy comprising administering SED1 , peptides thereof, or mimetics thereof as competitive 
inhibitors of the binding site on eggs that Is targeted by SED1 and related proteins. 

The invention also describes antibodies raised against SED1 or SED1 mimetics, wherein the 
antibodies could inhibit fertilization, when applied topically. The invention also contemplates the 
use of SED1 or SED1 mimetics as immunogens sufTident to generate an immune response that 
can aid In preventing pregnancy. 

The invention describes methods for increasing fertilization, or preventing fertilization, in 
humans as well as other mammalian species. 

DETAILED DESCRIPTION OF INVENTION 

Pharmaceutical compositions of the Invention described herein can incorporate any of the 
techniques, adjuvants, and excipients known in the art. Physiologically acceptable carriers are 
detenmined in part by the particular composition being administered, as well as by the particular 
method used to administer the composition. Accordingly, there are a wide variety of suitable 
fomnulations of pharmaceutical compositions of the present invention (see, e.g.. Remington's 
Pharmaceutical Sciences, 17.sup.th ed., 1989). Administration can be in any convenient 
manner, e.g.. by injection, oral administration, inhalation, transdermal application, or rectal 
administration, although topical and intra-vaginal administration are particularly contemplated. 
Dosages and administration may be determined using the in vivo and in vitro models provided 
herein. 

All publications and patent applications cited in this specification are herein incorporated by 
reference as if each individual publication or patent application were specifically and individually 
indicated to be incorporated by reference. 

Although the invention will be described in greater detail by way of illustration and example for 
purposes of clarity of understanding, it will be readily apparent to one of ordinary skill in the art 
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in light of the teachings of this invention that certain changes and modifications may be made 
thereto without departing from the spirit or scope of the appended claims. 

Diagnostic tests for determining the presence or absence of SED1, or quantification of 
that protein, may utilize any methods known in the art. 

Biochemical and computational methods may be used to identify binding motifs on SED 
1 for binding to both the sperm and egg. In particular, modeling methods may be used 
to identify potential competitive inhibitors of these binding sites. 

Definitions : 

"SED1 Functional Protein" shall mean SED1 or SED1 variants, including truncation, 
deletion, and mutation sequences, and combinations thereof, wherein the protein has 
the ability to bind both sperm and egg with at least 50% of the affinity of the native 
species. 
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Identification of Mouse Sperm SED1, a Bimotif EGF 
Repeat and Discoidin-Domain Protein 
Involved in Sperm-Egg Binding 



MicKael A. Ensslin and Barry D. Shur* 
Department of Cell Biology 
Whitehead Biomedical Research Building 
Emory University School of Medicine 
615 Michael Street, Room 405 
Atlanta, Georgia 30322 



Summary 

We report the Identification of SED1, a protein required 
for mouse sperm binding to the egg zona pellucida. 
SED1 is homologous to a small group of secreted cell- 
matrix adheshre proteins that contain Notch-like EOF 
repeats and discoidln/F5/8 type C domains. SED1 is 
expressed In spermatogenic cells and is secreted by 
the initial segment of the caput epididymis, resulting 
In SED1 localization on the sperm plasma membrane 
overlying the acrosome.SED1 binds speciflcaily to the 
zona pellucida of unfertllteed oocytes, but not to the 
zona of fertilized eggs. Recombinant SED1 and anti- 
SED1 antibodies competitively inhibit sperm-egg bind- 
ing, as do truncated SED1 proteins containing a dls- 
coldln/C domain. SE01 null males are suk>fertile and 
their sperm are unable to bind to the egg coat In vitro. 
These studies Illustrate that Notch-like EGF and dls- 
coidin/C domains, protein motifs that facilitate a vari- 
ety of cellular Interactions, participate in gamete rec- 
ognition as well. 

Introduction 

Successful fertilization in mammals is dependent upon 
the species-specific recognition, adhesion, and fusion 
t>etween sperm and egg. Despite their fundamental im- 
portance, we still know little about the molecular basis 
underlying these events. Two sperm-egg recognition 
events in particular have received the most attention: 
the initial adhesion between the sperm plasma mem- 
brane and the egg extracellular coat, or zona pellucida, 
and the binding between membranes of the acrosome- 
reacted sperm and the egg plasma membrane (Prima- 
koff and Myles, 2002; Wassannan et al., 2001). In both 
instances, candidate receptors have been identified, but 
thus far, none of these receptors appear to be com- 
pletely responsible for either sperm-egg binding or 
spenn-^g fusion (Miller et al.. 1992; Nishimura et aJ.. 
2001; Rankin etal.. 1998). 

In particular, sperm binding to the zona peUucida Is 
thought to involve recognition of specific glycoside resi- 
dues on the ZP3 glycoprotein (Rorman and Wassarman, 
1985), which lead to aggregatk>n of the sperm receptor 
and trigger acrosomal exocytosis. The nature of the 
sperm binding oligosaccharides on ZP3 remains un- 
dear, as are the sperm proteins that bind ZP3 (Rorman 
and Wassarman, 1985; Johnston et al., 1998; Miller et 
al., 1992; Nagdas et al.. 1994; Nishimura et al., 2001; 
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Primakoff and Myles, 2002; Rankin et al., 1 998; Wassar- 
man et al., 2001). One candidate that has been exten- 
sively studied is pi ,4-gaIactosyltransferase i (GalT I). A 
wealth of evidence suggests that GarT I functions as a 
ZP3 receptor and participates in G protein-dependent 
acrosomal exocytosis following ZP3-mediated GaTT I 
aggregation (Gong et al.. 1995; MUler et al.. 1992). In 
this regard, ectopic expression of GalT I on Xenopus 
oocytes leads to specific ZP3 binding and G protein 
actWation. Site-directed mutagenesis of the GalT i cyto- 
plasmic domain prevents ZP3-dependent G protein acti- 
vation (Shi et al., 2001). Furthermore, overexpression of 
GalT I on mouse sperm leads to increased ZP3 binding, 
G protein activation, and accelerated acrosomal exo- 
cytosis (Youakim et al., 1994), whereas GalT I deletion 
leads to a loss of ZP3 binding and a concomitant loss of 
zona-lnduced acrosome reactions (Lu and Shur, 1997). 
Nevertheless, GalT 1 null sperm are still able to adhere to 
the egg coat and fertilize the egg, albeit at low efficiency, 
although they no longer bind ZP3 (Lu and Shur. 199^. 
This Indicates that spenm adheston to the zona pellucida 
requires receptors in addition to GalT i and ZP3, consis- 
tent with results from others (Rankin et al., 1998, 2003). 

Few spenn proteins remain as viable candidates for 
mediating sperm adhesion to the zona; however, one 
particularly attractive candidate is p47, a boar spenn 
surface protein isolated by affinity chromatography on 
zona pellucida columns (Ensslin et al., 1998). p47 is 
homologous to a protein secreted from the mammary 
epithelial of a variety of species, including mouse (re- 
ferred to as MFG-E8; Stubbs et ai., 1990), rat (rAGS; 
Ogura et al., 1996), bovine (PAS6A7 or iactadherin; An- 
dersen et al., 1 997. 2000). and human (BA46; Couto et 
al., 1996). In vitro assays suggest that p47-like proteins 
Isolated from milk and a similar protein found in vascular 
endothelium (Penta et al., 1999) facilitate cell adhesion 
to the extracellular matrix via an RGD motif in their 
N-terminal EGF domains, as well as by their C-tenminal 
discoidin (or complement F5/8 type C) domains (Ander- 
sen et al., 1997. 2000; Fuentes-Prior et al.. 2002). 

In this study, we examined whether a p47-l[ke protein 
functrons during fertilization in mouse. A p47-homolog 
was cloned from mouse testis, for wtvch we propose 
the name SED1 to bring uniformity to the various names 
assigr^ to the mammary and endothelial homologs; 
SED denotes a secreted protein containing N-temninai 
Notch-like type li EGF repeats and C-terminal cflsooidln/ 
F5/8 C domains. Murine SED1 Is localized In the Golgi 
complex of differentiating spermatogenic cells, as well 
as in the Initial segment of the caput epididymis, which 
together culminate in SED1 being tightly associated with 
a discrete domain of the sperm plasma membrane over- 
lying the acrosome. Recombinant SED1 binds selec- 
th^ely to the zona pellucida of unfertilized oocytes, and 
competition assays with recombinant SED1, various 
SED1 domain constructs, and antl-SEDI antibodies in- 
dicate that SEDI partidpates in spenn-egg adhesion. 
This was confinned by creating SEDI null mice by ho- 
mologous recombination and examining their reproduc- 
tive phenotype. SEDI nuH males show graatty reduced 
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fertility in vivo, and their sperm are unat)]e to bind to 
the egg zona pellucida in vitro without apparent effects 
on sperm morphology, number, acrosomal status, or 
motinty. Models are proposed to account for the mecha- 
nism of action for SED1 during initial gamete adhesion. 

Results 

Production of Recombinant SED1 
and Anti-SEDI Antibodies 

Mouse SED1 was cloned from a testis library (EMBL 
accession number ¥11684). The deduced 426 amino 
acid (a^ open reading frame encodes an N-temiinal 22 
aa cleavable signal sequence peptide, two Notch-like 
type II EGF repeats (the second of which contains an 
RGD motif), and two C-terminal discoidin/C domains 
(see Figure 2C insert). Recombinant SED1 was ex- 
pressed In E coU as a (His)B>fuslon protein, purified, and 
used to immunize rabbits and chickens. The resulting 
anti-SEDI antibodies recognize a single band of ~58 
kDa in sperm and testis lysates (not shown), similar to 
that seen in mouse milk, which is a rich source of the 
SED1 homolog MFG-E8 (Stubbs et al., 1990) (Figure 1 A). 
Preimmune sera failed to produce any reaction. SED1 
expressed in insect celts migrated as expected for the 
partially glycosylated recombinant protein. 

Immunocytochemical Localization of SED1 
In the Male Genital Tract 
Testis Immunotocattzatlon 

SE01 immunoreactivity localizes to the Qolgl apparatus 
of developing spennatogenic cells (Rgures 1 B and 1 C). 
SED1 immunoreactivity could be attributed to the Golgi, 
as opposed to the developing acrosome, due to the 
characteristic morphology of the Golgi that wraps 
around the developing acrosomal vesicle. The acro- 
some has a characteristic clear vacuolar appearance 
containing the acrosomal granule and is devoid of SE01 
immunoreactivity. The localization of SED1 to the Golgi 
suggests that It is secreted to the sperm surface, consis- 
tent with the presence of a cleavable signal sequence 
peptide (Stubbs et al., 1 990). There Is some SED1 Immu- 
noreactivity In what appears to be Sertoli cell s, as wen as 
some Interstitial cells between the seminiferous tubules 
(not shown), the functional significance of which is un- 
clear. Parallel studies using antibodies isolated from 
rabbit serum or chicken eggs produced similar Immuno- 
localization (not shown). Preimmune rabbit (or chicken) 
immunoglobulins produced only back^ound levels of 
staining (Rgure 1). 
Epididymal ImmunolocatfmOon 
Sperm leave the testis through the efferent ductules and 
enter the initial segment of the caput epididymis. Here, 
they are exposed to SE01 secreted from the principle, 
or secretory, cells of the eptdidymal epithelium, which 
are the predominant immunoreactive cells of the male 
reproductive tract (Figure 1 D). Subsequent portions of 
the epididymal epithelium show ksw levels of Inrtmunore- 
activity, although the sperm remain Immunoreactive. As 
sperm exit the epididymis, SED1 tnununoreactivity is 
high in clear cells of the cauda epididymis, which are 
responsible for absorption of excess secretion products 
(Robalre and Hermo, 1994). A lower level of immunore- 
activity is found associated with the apical surface of 



the principle cells of the cauda epididymis. As above, 
chicken immunoglobulins produced ^milar localization 
(data not shown). These data suggest that SED1 is se- 
creted into the lunten of the caput epididymis, where it 
coats sperm, and excess SED1 Is removed by the dear 
cells of the cauda epididymis as sperm enter the vas 
deferens. 

SfDt Locatization on the Sperm Surface 
On washed, fixed cauda epididymal sperm, SED1 is 
restricted to the plasn^a membrane overlying the acro- 
some (Rgure 1 E), the area of the spemi surface respon- 
sible for initial binding to the zona pellucida (Primakoff 
and Myles, 2002; Wassarman et al., 2001). Preimmune 
IgG produced only tmckground levels of fluorescence 
(not shown). SED1 localization on the plasma membrane 
was confirmed by incubating live, unfixed sperm with 
anti-SEDI antisenjm in suspension (see Figure 68). 

Biological Activity of SED1 

Antl-SSDI IgG and Recombinant SED1 Inhibit 

Sparm-Egg Binding 

The biological activity of SED1 was initially assessed by 
competitive spemfi-egg binding assays. Purified anti- 
SEDI IgG produced a dose-dependent inhibition of 
sperm binding to the zona pellucida, relative to controls 
(Rgure 2A). Sperni motility appeared to be unaffected, 
even at concentrations of 200 ^g/ml IgG, nor was there 
any evidence of antibody-mediated sperm agglutination 
that could account for the inhibition of sperm-egg bind- 
ing. Preimmune IgG had no significant effect on sperm- 
egg binding at concentrations from 50-200 txg/ml. As 
expected, the original rabbit anti-SEDI antiserum also 
produced a dose-dependent inhibition of sperm-egg 
binding, whereas preimmune serum did not (not shown). 

To detemnine if SED1 itself could inhibit sperm binding 
to the egg, recombinant SED1 was produced in two 
different expression systems, purified, and added indi- 
vidually to sperm-egg binding assays. Recombinant 
SED1, expressed either in bacteria as a (Hisje-fusion 
protein or in insect cells as a GST-fusion protein, com- 
petitively inhitkited sperm binding to the egg coat in a 
dose-dependent manner (Figure 2B). Pretreatment of 
either recombinant protein with Proteinase K destroyed 
its biolo^cai activity (not shown). The two recombinant 
proteins had similar biological activities when normal- 
ized for differences in their molecular weight (MW). sug- 
gesting that the N-teminal tags, Le., GST and (His)6, did 
not contribute to biological activity, nor did any post- 
translational processing. 
SED1 Function Requires a Discoldln^C Domain 
The SE01 protein family has two distinct binding motifs 
that have been Implicated In their adhesive function 
(Andersen et al.. 1997, 2000; Fuentes-Prior et al., 2002; 
Penta et al.. 1999). An RGD motif located within the 
second EGF domain has been suggested to mediate 
integrin-dependent binding to cells, whereas the discoi- 
din/C domains are thought to bind negatively charged 
headgroups on membranes as well as to extracellular 
matrix components. To determine which. If either, of 
these domains is responsiblefor SED1 biological activity 
during gamete adhesion, different (His)rfuslon proteins 
were tested for acthrity fn sperm-egg binding assays 
(Figure 2C). 

Intact (Hisk-SEDI containing both EGF repeats and 
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Figure 1. Immunolocallzation of SED1 tn the Male Reproductive Tract and Sperm 

tA) Rabbit antisenmi raised against purified recombinant SED1 (a-SEDl) specifically recognizes SED1 in $penn. Prabnmune senim (PO fails 
to show any reactivity. SEDI Immunoreactlvity in mouse milk Is shown as a positive control, as is reactivity to SEDl expressed in Insect celis 
(rSEDl). Molecular weight markers are shown on the left Black arrowhead, mature SEDl; gray airowhead, recombinant SEDI. 

(B) Testis cross-section incubated with rabbit-a-SEDl and goal-anti-rabbit-HRP/DAB. SED1 is localized to the devek>ptng Golgi apparatus 
In differentiating spermatogenic cells. Onginal magnification, 600 x. 

(C) The Go!gi (G) wraps around the clear vacuolar acrosome vesicle {a) containing a characteristic acrosomal granule* which is devoM of 
SEDI Imrnunoreacthrity. Tracings of two nuclear (r^, acrosome vesiclai and Golgl (G) complexes are presented for orientation. Ordinal 
magnification, 2500 >c. 

(D) Low-power nognification of the epkildymis prepared for anti-SEDI Immunocytochemistry; the complete epididymis is represented In two 
noncontiguous pieces. Representative sections of the epididymis are shown, lllusbating the transition between the efferent ductules (eff due) 
of the testis, the initial segment off the caput epididymis finit seg), and the caput, corpus, and cauda epididymis. SEDI Immunoreactivity is 
abundantly exprsssed In the secretory principle cells (anow) of the initial segment when spenn enter the epididymis, after which the epididymal 
epithelium is relatively negative for SEDI. The secreted SEDI immunoreactivity associates with the sperm throughout their transit through 
the epididymis. The adsnpthre clear cells of the cauda epididymis (snow), responsible for adsorption of epididymal secretions, show strong 
8ED1 immunoreactivity. Original magnification, 400X. 

SEDI is localized to the plasma membrane overlying the acrosome on the anterior spenn head as revealed by a-SED1 and FTTC^onjugated 
goat-anti rabbit IgG. In all instances, preimmune IgG (PQ at the same concentration showed background levels of immunoreactivity (not 
sitown). 



both dIscoidin/C domains (EECC) inhibited sperm-egg 
binding, as did truncated fonns of SEDI (EEC, ECC, 
EC. CC). Furthemiore, the intact and tnincated SEDI 
proteins produced similar levels of inhibition, at constant 
molar ratios, as long as one discoidin/C domain was 
present (Rgure 20). Thus, EGF domains are not required 
for comFwtitive inhibition of sperm-egg binding. Impli- 
cating the dlscoidln/C domains in mediatifig SEDI bind- 
ing to gamete surfaces. This pc^ibilit/ is consistent 
with structural and biochemical data, indicating that the 
discoidin/C domains are able to bind a variety of molecu- 
lar species, including phospholipid headgroups on menv 
branes, such as on sperm, as well as carbohydrate epi- 
topes in the extraceflular matrix, as would t>e present in 
the zona peBudda (Fuentes-Prior et al^ 2002; Macedo- 
Ribeiro et aJ., 1999; Pratt et al., 1999). 

Although the above results suggest thai the EOF do- 
mains do not contribute to competitive inhibition of 
spernvegg binding, we directly tested the ability of RGD 
peptide to competitively inhibit the binding of SEDI to 



spemi. Recombinant SEDI was conjugated to 0^ pxn 
fluorescent beads and added to spemi isolated from 
the caput and cauda (±capacitation) epididymis. RAD 
peptide was used as control (Buckley et al., 1999). In 
no instance did RGD peptide produce any specific inhh 
bition of SEDI binding to sperm when assayed at 1-10 
mM (Figure 2D}. We were unable to assay the biological 
activity of the isolated EGF domains, since repeated 
attempts to express ttie EGF domains as truncated re- 
combinant proteins (EE) failed despite being cloned Into 
three different fusion constructs (le., [HisVEE, GST-EE 
and ThioredoxIn-EE). Nevertheless, the inability of RGD 
to affect SEDI binding to sperm is consistent with SEDI 
biological activity residing within the dIscoidin/C do- 
mains, rather than within the EGF repeats. 
SEDI Binding fo flie Zona PeHuckia 
The results from competitive InhlbiUon assays above 
are consistent with SEDI participation in sperm-egg 
Innding and implicate the discoidln/C domains in medi- 
ating SEDI attachment to gametes. We asked if full- 
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Figure 2. SED1 Functions duiing Sperm-Egg Binding and Requires the DIscoidin/C Domains for Biological Activity 

(A) a-SED1 IgG inhibits sperm binding to the zona pellucida In a dose-dependent manner at 200 lig/ml, spemv>zona binding is suppressed 
by 75%. Prsimmune IgG shows no significant affect on spemn binding to the zona. a-SED1 IgG (closed squares); preimmune IgG (open 
diamonds). 

(B) SED1 fusion proteins expressed in bacteria or insect cells competitively inhibit spemt binding to the zona pellucida in a dose-dependent 
manner. The two recombinant proteins demo nstra te similar t^logical activity when normalized for MW (data not showiOw (Ki^-SEDI fusion 
protein expressed In £ coff (open cfiamonds); GST-SED1 fusion protein expressed in insect cells (closed squares). 

(C) Sperm binding to the zona pellucida is competitivaly inhibited by fUll-length (Hi^b-SEDI fusion protein (SED1) and SED1 truncated fusion 
proteins that contain a <S8coidin/C domain. The mature 8ED1 protein is nustrated devoid of its 22 aa N-tenminal signal sequence peptide (aa 
23-426). The second EOF domain eontains an RGO motif. Truncated constnjcts containing two EGF domains aid one F5/8 C domain (aa 
23-266, EEC), one EGF domain and both FS/8C domains (aa 62-428, ECC). the second EGF and one FS/8 C domain (aa 62-266, EC), or both 
F6/8 C dommns (aa 110-426, CC) are lOustrated. (A-C) The number of oocytes assayed under each condition Is given in parentheses. Control 
binding represents the number of sperm bound to the zona in the absence of competitive reagents. Error bars ~ ±SEM. 

(D) Fluorescent beads (0.2 ^m) conjugated with SED1 l>lnd to the dorsal anterior aspect of the spemi plasma membrane, similar to the 
distribution of endo^ous SED1 (Rgure 2D). The presence of 1-10 mM RGD fails to affect SED1 binding to sperm, relative to control peptide 
(RAD), indicating that $S>1 association with spenm is Integrin-independent Cincubattons with 1 mM peptide shown). 



length SEDI, as well as SED1 truncated proteins, can 
bind directly to the zona pellucida by assaying (1) the 
binding of SED1 -conjugated beads to intact zona pellu- 
cida, and (2) the iMndlng of recombinant SED1 to distinct 
zona pellucida glycoproteins resolved by SDS-PAGE. 

SED1 -conjugated 1 lun fluorescent beads were 
added to dropiets containing three sources of zona pel- 
lucida: zona pellucida fragments isolated from ovaries; 
intact, unfertilized ovulated oocyte and two-cell em- 
bryos. Any nonadherent tseads were removed by wash- 
ing. SED1 -conjugated fluorescent beads bound directly 
to the zona pellucida of unfertilized oocytes, as well as 
to zona fragments isolated from ovaries (not shown), but 
not to the zona pellucida of fertilized two-cell embryos 
(Rgure 3A). Beads conjugated with truncated forms of 
SED1 also bound to the oocyte zona pellucida, with 
constmcts containing two discoidtn/C domains showing 



higher binding than did constructs with only one discoi- 
din/C domain (compare E£CC and ECC versus EEC and 
EC, Figure 3B). However, the nature of the assay pre- 
vented strict quantification of the binding affinities for 
the different tnincated constructs. In any event, these 
results further implicate the discoidin/C domains in me- 
diating attachment to the gamete surfaces. Consistent 
with this, the addition of RGD or RAD peptides had 
no effect on SE01 binding to unfertilized oocytes (not 
shown). As expected, WQA beads bound to unfertilized 
zona peHudda similar to SED1 beads, whereas control 
beads bound at background levels. Controls included 
unconjugated tieads, as wetJ as beads conjugated with 
Utexeuropaeus agglutinin-1 (UEA1) lectin, BSA, or cyto- 
chrome C (data shown for UEA1 -lectin, Figure 4C). 

To determine which of the three zona gtycoprot«ns 
could serve as the putathre ligand for SED1, ovarian 



9 



SE01 Function duilng MammaEan FertilizattQn 
409 




Figure 3. SED1 Binds to the Zona PeOudda of Unfertaized, but Not Fertilized, Oocytes 

CA) SEDI-Gonjugated fluorescent beads a i^) were added to droplets containing ovulated oocytes and two-ceO embiyos under conditions 
identical to spemt-egg binding assays. Unbound beads were removed by washing. The binding of WGA-corijugated beads sensed as a positive 
control. SED1 beads readily adhere to the lona of unfertilized oocytes, but not to tho zona of fertilized two-cell embryos (arrows). Only a 
subset of beads is within the focal plane. 

(B> Beads conjugated with various truncated SED1 constnjcts (see Figure also show specific binding to unfertilized oocytes, although 

constnjcts containing both C domains (C1C2) appear to bind more than do constmcts with only the CI domain. 

(O UEA-l-conjugated beads do not bind, consistent with the lacic of this epitope on the zona peDuclda (Aviles et al., 1997^ 

(D) When resolved under reducing conditions, ZP1 and ZP2 migrate to a moiecular mass of 120 kOa, whereas ZP3 migrates to 80 kOa, as 
detected by biotin-WGA (b-WGA) and Streptavldin-HRP (HRP-SA). When an identical blot is probed with biotinytated (HisVSEOI (b-SEDl), 
SE01 binds to the area conrespondlng to ZP1/ZP2 and to ZP3 . Similarly, when ZP blots were probed with SED1 expressed either in OOS-7 
cells ($ED1 -COS] or in bacteria (rSEDl) and detected with a-SE01 antibody, binding to ZP1/ZP2 and ZP3 is seen. 

(E) Under nonreducing conditions, ZP1, ZP2, and ZP3 resolve at molecular masses of approximately 180, 120, and 60 kDa, respectnely, as 
detected with b-WQA. Recombinant (Hi$)rSED1 (b-SEDI) specifically bound ZP2 and ZP3. but not ZP1. 



zona peQucfda was purified, rosolved by SOS-PAGE, 
blotted onto PVDF membranes, and Incubated with re- 
combinant SED1. When zona gtycoprotefns were re- 
sohred under reducing conditions, SE01 bound to glyco- 
proteins comigrating as ZP1/ZP2 as well as ZP3 (Rgure 
3D]. Similar results were achieved using either blotinyl* 
ated (His)rSED1 (b-SEDI) detected by Streptavldin- 
HRP/ECL or recombinant (Hls)rSED1 (rSEDI) detected 
by rabbit-anti-SED1 IgG and HRP-con]ugated second- 
ary antibodies (Rgure 3D). To avoid misleading interpre- 
tations due to the use of a bacterially expressed SE01, 
SED1 was expressed in COS-7 cells, which release bud- 
ded memt>rane vesicles that are highly enriched for 
SED1 (Oshima et aL, 2002). Similar to that seen with 
bacterially expressed SED1, COS-expressed SED1 
(SED1-C0S) bound ZP1/ZP2 and ZP3 under reducing 
conditions (Figure 3D). 



To distinguish between the ZP1 and ZP2 glycopro- 
teins that migrate similarly under reducing conditions, 
zona glycoproteins were resolved under nonreducing 
conditions and probed with biotinytated (His)«-SED1. 
Under nonreducing conditions, SED1 bound to ZP2 and 
ZP3. There was no reaction with ZP1 (Figure 3^. SED1 
binding to zona glycoproteins could also be demon- 
strated by performing the reciprocal incubation, i.e., 
adding solubilized murine zona pellucida to SED1 pre- 
viously blotted onto PVDF membranes (not shown). 

Eliminating SED1 by Homologous Recombination 
Reduces Male Fertility In Vivo and Sperm-Egg 
Binding In Vitro 

The data thus far suggest that SED1 is tocaPized to the 
spemn surface where it participates in binding to the 
zona pellucida of unfertilized oocytes. To test SED1 
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Rgura 4. Creation of SED1 NuO Mico 

(A) A 9kb EcoRi frBgment of the wfld-type SED1 aleto is lllustretdd containing exons 1 . 2, 6, and 7. The targeting constmct contains a neo 
selection cassette flanked by flip recombinase sites (frt), and lox P sites are inserted 5' of the neo cassette and 3' of exon 1. producing a 
new EcoRI restriction site. 

(B) The recombinant allele can be identified by Southern analysis folIo%ving EcoRl digestion using external and mtemal probes (A). Targeted 
ES clones were transfected with Crs recombinase to excise the neo cassette, adjacent fit sHes, and exon 1 encoding the translation start 
site and signal peptide sequence. 

(C) PCR analysis detects a 517 bp product amplified from the wikJ-type allele and a 222 bp product amplified from the targeted aOele. 

(D) RT-PCfi analysis of testicular RNA illustrates the absence of SED1 transcripts, using primers spanning the EGF repeats (axons 2 and 3} 
as well as the diseoidin^ domains (exons 7 and 8). As a control, pi integiin expression appears normal in SB>1 mice. 



function ndore directly, the effects of targeted mutatione 
in SED1 were analyzed on fertility and sperm-egg bind- 
ing in vitro. 

Creation of SED1 Null Mice 

Two independent Ones of SED1 null mice were created 
as described in the Experimental Procedures (Figure 4). 
The deletion of the SED1 transcript in homozygous null 
mice was confirmed by RT-PCR of testicular cDNA using 
primers specific for the EGF domains (exons 2/3) and 
the discoidin/C domains (exons 7/8); primers specific 
for pi -integrin sensed as control (Rgure 4D). Loss of the 
SED1 protein was confirmed by both immunoblotting 
and by Indirect immunofluorescence of live sperm (Fig- 
ures 6A and 68). 
SED1 Nult Mates Are SubferWe 
Matings between sexually mature SEDl nuH littermates 
produced litter sizes (3.3 ± 0.53 pups/Utter, 62 Trtters) 
signlHcantly smafler (p < 0.001) than from control mat- 
ings (+/+ matings: 8.5 :t 0.40 pups/lrlter, 24 litters; +/- 
fnatings: 9.3 ± 0.35 pups/litter, 40 litters; +/+ x +/- 
matings: 9.6 ± 0.40 pups/Dtter, 10 litters, not shown) 
The reduced litter size from SE01 nuH matings could be 



attributed directly to the reduced fertility of the SED1 null 
males rather than reduced female fertility; i.e., matings 
between SEDl null males and wild-type females pro- 
duced small litters (4.0 ± 0.41 pups/litter, 31 litters, p < 
0.001). whereas SED1 null females mated to wild-type 
males generated near normal litter sizes (7.7 ± 0.44 
pups/litter, 26 litters, p = 0.23). Both independent lines 
of SEDl null mice produced nearly identical average 
litter sizes, which could be attributed to the male parent 
(data not shown) (Figure 5A}. 

Utter sizes resulting from the 1 6 control breeding pairs 
(all combinations of +/+ and +/- adults) were generally 
similar in size. In marked contrast, the litter sizes from 
the SEDl null matings varied considerably among the 
breeding pairs, ranging from no pups produced In 5 of 
20 breeding pairs to litter sizes approaching the lower 
limit of norma) variation. The variable phenotype in SEDl 
null males is not unprecedented (Nayemla et aJ., 2002; 
Pearse et al., 1997) and may reflect the segregation of 
genetic modifiers on the mosaic genetic background 
resulting from the incorporatbn of 129 ES cells into 
C57BI/6 blastocysts (Wolfer et aJ., 2002). Testing this 



11 



SB>1 Function duiira Mammalian FeitDization 
411 



FtQun 5. SE01 NuR Males Show Reduced 
Feftiiity In Vivo and Iheir Speim Fail to Bind 
the Zona Pelhicida in Vitio 




(A) The frequency distribution of titter sizes 
resulting from each ttreeding pair is pre- 
sented. Each dot represents the average litter 
size resulting from a single breeding pair 
(0-20 litters/pair). In instances where breed- 
ing pairs produced identical average litter 
sizes, ttie number of pairs is given in paren- 
theses. AD control breeding pairs produced 
an average of 8.5-9.3 pups/Utter, whereas 
matings between SED1 nuQ mice produced 
an average of 3J} pups/Utter. This average 
reflects vride variability in male fertilily, rang- 
ing from apparent sterility in five males p.e.» 
no pups) to ntter sizes approaching the lower 
limit of normal The reduced litter size in ho- 
mozygous nun matings is due to reduced fer- 



(xA^i p4U)0i HU3 taity of the male (p < 0.001 relative to control 

iii«mgp(M»F) matings) rather than the female, which is near 

nonmal (p » 0.23 relative to controls). 
(B) Sperm isolated from the caitda epididymis of SE01 males tund to the zona pellucida at very low levels (1 .45 z 0.56 spenn/esg). as 
compared to wiltf-lypa Bttenmates {+/+) (11-2 ± 0^ sperm/egg). Enor bars > ±SEM. 



possibility must await the backcrossing of SED1 null 
animals onto a congenlc background to determine if this 
results in a more penetrant male ptienotype (i-e., higher 
rates of male sterility). Nevertheless, it Is clear that the 
fertility of SED1 null males is greatly compromised, with 
some showing complete sterility whereas others show 
titter sizes still smaller than normal. 
Sperm from SED1 Null JVfa/es Binds Poorly 
to tho Zona PeUudda 

The reduced fertHfty of SED1 males is consistent with 
the function of SED1 in sperm-egg binding. We therefore 
compared the ability of sperm from wild-type and SED1 
null males to bind the zona pellucida in vitro. Spemri 
isolated from each SED1 null cauda epididymis was 
assayed separately, rather than pooled as is normally 
done with wild-type sperm, in case there were differ- 
ences between the two cauda. SED1 null sperm bound 
to the zona pellucida at levels close to background, l.e., 
1.45 ± 0.56 sperm/egg versus ^^J2± 0.85 sperm/egg 
using wild-type sperm (Rgure SB). Spenn isolated from 
k)oth SED1 null cauda epididymides displayed similar 
levels of decreased sperm/egg binding. The reduced 
binding of SED1 null spemn to the egg coat was not 
the secondary result of defective sperm morphology, 
nunUser; percent motility; or the level of basal, spontane- 
ous or ionophore-induced acrosome reactions, all of 
which were indistinguishable between normal and SED1 
null sperm (Figure 6). Collectively, these results show 
that sperm from SED1 null mice are relatively unable to 
bind to the zona pelludda, tioth confirmvig its role in 
normal sperm-egg adhesion and offering a mechanism 
to account for the reduced male fertility in vivo. 

We have previously reported that GafT I on the sperm 
surface functions as a receptor for the zona pelludda 
glycoprotein ZP3 (Miller et al., 1992), an observation 
that is supported by both gafn-of-function and loss-of- 
function Garr I mutations (Lu and Shur, 1997; Shi et al., 
2001 ; Youakim et a)., 1994). However, sperm from GalT 
1 null males still bind to the zonapeduckja, although they 
fail to bind 2P3 or undergo zona-induced acrosomal 
exocytosis (Lu and Shur, 1997). This led us to search 



for novel sperm receptors for the egg coat, such as 
SED1. Since it has been reported that elimination of 
some sperm proteins (i.e., the ADAMS) can have unan- 
ticipated effects on the expression of unrelated sperm 
components (Nlshimura et al., 2001), we determined if 
the eGmination of SED1 had any unanticipated effects 
on GalTI expression or function. This was shown not 
to be the case, since SED1 null sperm express GalT 
i normally by both immunoblot analysis and indirect 
immunofluorescence of Qve spenn (Rgurss 6Aand 6C). 
In addition, the binding of GalTI null spenn to the zona 
is inhibited by anti-SEDI IgG (33% of control binding at 
200 ^.g/ml versus 91 % for preimmune IgG), recombinant 
SED1 (27% of control at 6 (ig/mO, and the EEC truncated 
protein (21% of control at 3.8 \Lgfm\). Thus, the expres- 
sion and function of GalT I and SED1 are independent 
of one another, consistent with their having distinct roles 
during sperm-egg binding. 

Discussion 

SED1 As a Gamete AdhesIn 

The results presented here support the Involvement of 
SED1 in mouse gamete recognition. SED1 is homolo- 
gous to a small group of bimotif secreted proteins con> 
talning N-terminal EGF domains and C-temvnal discoi- 
dln/complement domains (Andersen et al., 1997, 2000; 
Couto et al., 1996; Ogura et al.. 1996; Stubbs et al., 
1990). SED1 is expressed In the Golgi complex of sper- 
matogenlc cells and is likely secreted onto the maturing 
sperm surface. The most abundant expression of SED1 
In the male reproductive tract occurs in the initial seg- 
ment of the epididymis, where spemi are exposed to 
high levels of secreted SED1 . The presence of SED1 
immunoreactivity in the adsorptive clear ceils of the 
cauda epididymis suggests that excess SED1 is re- 
moved from the sperm environment before they leave 
the epididymis. On mature sperm, SED1 expression is 
confined to the sperm plasma membrane overlying the 
acrosome, the known location for sperm binding to the 
egg coat Recombinant SEDI , expressed in either bac- 
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Figure 6. Sperm from SED1 NuU Males Show No Apparent Defects in a Veriety of Other Parameters 

Caudaepldidymalspeimfioinwad-type(+/+)andSEDl nuB(-H males were assayed (orthe expression of SED1 andGalTll^immunoblotting 
(M and indirect Immunofluorescence of five, unfixed spenn (B and Q. As expected. SED1 null spemi are devoid of SED1 Iwt express GflTT I 
nomttBy. Blots were probed with antibodies against a-tubulln toassess pmlein loading. Rucrescence images are paired with the cofraspondmg 
phas»«ontiast image. Cauda epidldymal spenn from wad-type and SEDl null males show grossly nonnal morphology, as seen In phase 
contrast Unages (B and O as weB as after staining for acrosomal status (D). wad-type and SEDl null males produced similar numbers of 
Cauda epIdWyinal spenn. which showed similar levels of motiyty, as well as the extent of ta^ 
reactions (table, number of males assayed given In parentheses). 



teria or insect ceils, competitively inhibits sperm-egg 
bindingi as do anti-SEDI antibodies. The biological ac- 
tivity of SEDl requires the discoidin/C domains, which 
appear to be responsible for 5ED1 attachment to the 
sperm membrane and to the zona pelluclda matrix. Di- 
rect binding of SEDl to the zona pellucida of unfertilized, 
but not fertilized, eggs is consistent with its role in sperm 
binding, and immunoblot overlay assays suggest that 
SED1 recognizes the ZP2 and ZP3 glycoprotein fanUlies. 
Given the ability of discoidin/C domains to bind complex 
carbohydrates matrices (Fuentes-Prior et al., 2002; Rei- 
themian et ai., 1 975), it is most likely that SEDl is binding 
to the carbohydrates residues of ZP2 and ZP3, although 
this awaits further analysis. 

it is somewhat surprising that SEDl should interact 
in vitro with both the ZP2 and ZP3 glycoproteins, since 
it is believed that only ZP3 functions as the initial binding 
ligand for spenn. ZP2 has been suggested to function 
as a binding ligand for acrosome-reacted sperm (Was- 
samian et ai., 2001). it is unknown if the binding of 
recombinant SEDl to zona glycoproteins resolved by 
SDS-PAGE accurately reflects the true binding specific- 
ity of native SEDl to the intact zona or if differences in 
binding affinities for these distinct zona glycoproteins 
or their oligosaccharide chains would t)e revealed In this 
type of assay. Alternatively, sperm may recognize the 
*'supramolecular" organization of the zona, rather than 
individual zona glycoproteins, as recently suggested 
(Rankin et al., 2003). All of these possibilities require 
further study. 



Independent of its zona binding specificity, the func- 
tion of SE01 during fertUlzation was directly tested by 
creating SEDl null mice and analyzing their fertility. Al) 
SEDl null males produced smaller litters than controls, 
although the average litter size per male varied consider- 
ably, ranging from no pups bom (apparent sterility) to 
litter sizes approaching the lower Umit of nonnal. This 
variability is most likely due to genetic factors segregat- 
ing on the mosaic 129/B6 background as was shown 
to be the case for at least two other targeted mutations 
in sperm. Mice bearing mutations in either the Sprm-t 
transcription factor (Pearse et al.. 1997) or the Smcp 
mitochondrial protein (Nayemia et a!., 2003 tead to male 
sterility only wrtien inbred on the 129/Sv line. Despite 
the variability in male fertility in vivo, sperm from all 
SEDl null males tested showed near background levels 
of binding to the zona pellucida in vitro, consistent with 
a role for SEDl in sperm-egg binding. 

SEDl and QalT I Function Independently 
SEDl expression and function is Independent of GalT 
1. a previously identified sperm receptor for the zona 
pellucida glycoprotein. ZP3 (Miller et al., 1992). GalT I 
is expressed normally on SEDl null spenn, and GalT I 
null sperm are equally sensitive to inhibition by SEDl 
antagonists, as are wild-type spemi. Analysis of GalT I 
function suggests that it acts speclficalty as a signaling 
component for ZP3-dependent acrosomal exocytosis 
(Gong et al.. 1995; Ui and Shur, 1997; Shi et al.. 2001; 
Youakim et al., 1 994), since GaTT I null sperm are unable 
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to bind ZP3 in solution or undergo zona-induced acroso- 
mal exocytosis. although they still bind to the egg coat. 
In contrast to GaTT 1, SED1 appears to function during 
the initial adhesion between the sperm and egg coat. 
Consequently, these results suggest the simple working 
model that sperm binding to the egg coat requires at 
(east two distinct binding events: initial adhesion be- 
tween the gametes facilitated by SED1 and a subse- 
quent interaction between GalT 1 (and possibly other 
spemn components) and ZP3 oRgosaccharides, leading 
to Garr I aggregation and acrosomal exocytosis. If 
sperm-egg binding involves at least two distinct molecu- 
lar interactions, it is unclear why reagents against either 
one (i.e., GalT I or SED1) are able to inhibit spenn-egg 
binding when assayed individually. Possibly, these two 
molecular complexes functionally interact or some of 
these inhibitoiy reagents may sterically interfere with 
adjacent sperm surface components. Alternatively, the 
overall process of spemi-egg binding may result from 
the summation of temporally-specific stages, each de- 
fined by a unique molecular interaction, that are cur- 
rently below the resolution of in vitro sperm-egg binding 
assays. In an analogous manner, a multiplicity of molec- 
ular interactions facilitating gamete adhesion is reminis- 
cent of the sequential requirement of selectins and in- 
tegrins during lymphocyte interactions with the vascular 
endothelium (Worthylake and Burrldge, 2001). 

SED1 Functional Domains 

The involvement of SED1 In the initial adhesion of spemn 
to the extracellular coat of the egg Is consistent with 
studies of two SH01 homologs, lactadherin (also known 
as PAS 6/7) and Dell , which are thought to act as blmotif 
adhesive proteins that facilitate celt adhesion to the ex- 
tracellular matrix (Andersen et al.. 1 997; 2000; Penta et 
al., 1999). In particular, the discoidin/C domains are 
found in a wide variety of proteins and are thought to 
mediate protein binding to cell membranes and to extra- 
cellular matrix components (Fuentes-Prior et al., 2002). 
Recent structural analysis of these domsuns indicates 
that they fold into an eight-stranded antiparallel p banel 
from which two (or three) hairpin spikes project that 
present polypeptide-specific residues for interacting 
with various binding surfaces. For example, the spikes 
found in the C2 domain of complement possess hy- 
drophobic residues that intercalate into the lipid bilayer, 
sunvunded by a ring of charged residues that dock with 
phosphatidylserine headgroups (Macedo-Ribeiro et al.. 
1999; Pratt et al.. 1999). The F5/8 C domains in "discol- 
din," the galactose binding lectin from Orcfyostefft/m, 
display a completely different binding specificity In that 
spikes projecting from the dlscoidin p barrel coordinate 
binding to galactose residues rather than to memt>rane 
phospholipids (Fuentes-Prior etal., 2002; Reitherman et 
al.. 1975). Similar to that seen in the dlscoidin lectin, the 
chitobiase enzyme from Arthrobacter utilizes a discoi- 
din/C domain to attach to glycans terminating In sialic 
acid, galactose, and W-acetyiglucosamine (Ljonhienne 
et al., 2001 ). In all instances, hypervariable spikes pnjject 
from the eight-stranded p banrel core and are thought 
to determine the spetificity of binding to membranes 
and to the extracellular matrix (Fuentes-Prior et al., 
2002). 



It is, therefore, not surprising that the discoidin/C do- 
mains appear to be required forSEDI blotogical activity, 
based upon the ability of discoidin/C-containlng con- 
structs to competitively inhibit sperm-egg binding as 
wen as to bind directly to the zona pellucida. There is 
no evidence in this system that SED1 function involves 
RGD recognition by Integrins. Although there have been 
some preliminary reports of Integrins on human sperm 
membranes (Fusi et al.. 1 996; TnJbner et al., 1 997), their 
presence tias not been documented in mouse. Further- 
more, the a subunit (i.e., oj reported to bind the RQD 
domain In lactadherin (Andersen et al.. 1997) and Dell 
(Penta et a!., 1 999) is not present on the surface of fresh, 
ejaculated, or capacitated human sperm (Fusi et al., 1 996). 
More directly, the addition of RGD had no specific effect 
on SED1 association with sperm. Consequently, the 
data are consistent with a wortclng model in which the 
discoidin/C domains mediate Interactions with both the 
spenn membrane and the egg coat. In this regard, both 
of the SED1 discoidin/C domains have the amino acids 
required to form the two hairpin loops that present site- 
specific residues for docking to membranes and/or ma- 
trices (Fuentes-Prior et al., 2002). 

Models for SED1 Function during 
Gamete Adhesion 

Some woriung models for SED1 function can be devel- 
oped from the results presented here, from SED1 se- 
quence analysis, and from studies of SED1 homologs 
in other systems. Given that the discoidin/C domains 
can account for SED1 binding to txyth the sperm mem* 
brane and the zona pellucida, the simplest model pro- 
poses that SED1 functions as a monomer, whereby the 
two discoidin/C domains of a single SED1 polypeptide 
are sufficient to bind spemn to the zona pellucida (Figure 
7A). Since constructs containing both C domains (CI C2) 
show increased binding to the zona relative to con- 
structs with only the CI domain (Figure 3), it is possible 
that the C2 domain has greater affinity for the zona, 
whereas the Cl domain mediates attachment to the 
sperm membrane. 

Altematively. SED1 may mediate spemn-egg binding 
as a dimer, or oligomer, as has been illustrated for the 
epithelial cell adhesion molecule, Ep-CAM (Figure 7B). 
Ep-CAM mediates adhesions by homophilic binding be- 
tween the two Notch-like EGF repeats; the first EGF 
domain appears responsible for Interactions with Ep- 
CAM on apposing cells, whereas the second EGF do- 
main is thought to mediate lateral oligomerization of Ep- 
CAMs within the membrane (Balzar et al., 2001). This is 
partlculariy relevant to understancfing SED1 function, 
since both EOF repeats In SED1 contain classic Notch- 
like consensus sequences (Balzar et al., 2001). and only 
two EGF repeats are required for Notch-like proton- 
protein binding (Balzar et al., 2001 ; Lawrenceet al., 2000) 
(Rgure 7C). The first EGF repeat of SED1 contains the 
Notch 0-glycosylation consensus sequence, sug- 
gesting tiiat 0-glycosylation may regulate SED1 dimer 
(or oligomer) fomnation, analogous to its regulation of 
Notch-ligand binding (Haltiwanger, 2002). 

In either scenario, one discoidin/C domain (e.g., CI) 
is postulated to mediate SED1 attachment to sperm, 
whereas a second disemdin/C domain (e.g., C2). eitfier 
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Figure 7. Models for SED1 Function during SpemvEgg Binding 

(A) SED1 binding to gamete surfaces appears to be mediated by the discoidin/C domains rather than the EGF repeats. Consequently, the 
simplest model for SE01 function suggests that the two dlscoidin/C domains of one SED1 monomer binds to both the sperm membrane (via 
CI) and the zona peOucida (via C2). The binding specificity of each discoldin/C domain for either membranes or matrix components is thought 
to reside in the hypervaitable spikes (triangles) that emerge from the disulfide-bonded ban^l core, as detennined by crystal lographtc studies 
(Macedo>Ribein> et al., 1999; Pratt et al., 1999). 

(B) Altematively, SED1 may function during sperm-egg binding as a dimer, or oligomer, due to anti-paFallel pairing of the EGF r^eats, similar 
to that reported f orihe EOF domains of Ep-CAM (Balzar et al., 2001). Consistent with this. Hie EGF repeats of SED1 contain the Notch 
consensus sequences requtrsd for Notch-Delta pairing (Balzar at aJ.. 2001 ; Lawrence et al., 2000). 

(C) SED1 EGFrepeatsI and 2 ere aligned with a variety of Notch^amily EGF domain& The conseived six cysteines 

match the Notch EGF consensus (consensus) sequence are in yellow, conserved residues are in orange, and the 0-glycosytation consensus 
sequence is In blue (Haltiwanger, 2002). 



within the SED1 monomer or <limer partner, is exposed 
for association with the zona pellucida (Rgure 7B). Re- 
cent crystallographic data suggests that the exposed, 
or unoccupied, discoid] n/C domain remains in a cryptic, 
or dosed, confonnation until presentation to Its binding 
surface (i.e., zona pellucid^, which stabilizes the active, 
or open, binding conformation (Fuentes-Prior et al., 
2002). 

Neither EGF repeats or discoidin/C domains have 
been implicated in mammalian fertilization previously, 
although a sperm surface protein containing EGF re- 
peats is thought to be required for sperm-egg binding 
In C. elegans (SIngson et al., 1998). Therefore, the Identi- 
fication of SED1 proposes a previously unappreciated 
mechanism for mammalian gamete recognition, which 
takes advantage of highly conserved protein motifs that 
facilitate binding to a wide range of ceD surfeces and 
extracellular matrices. 

Experimental Procedures 

Cioning and Expression of Mouse SEOI 

Murine SEDI cDNA was cloned from testis RNA by RT-PCR using 

primers based upon published data (Enss&n et al., 1998). SEDI and 



truncated forms of SEDI were expressed in £ coff with an N-teiminal 
(His)i-tag (Invitrogen). Cell were lysed. insoluble material solubOtzed 
In resolving buffer (8 M urea, 30 mM phosphate, 50 mM Tris<HCI 
[pH 8.1], and 5 mM imidazole), and subjected to afTtnity chromalog' 
raphy on Ni*^-Sepharosa (Invitrogen). Recombinant protein was se* 
lectively eluted from the cotunui using resolving buffer supple- 
mented with 250 mM imidazole and renahjred by repetitive dialysis 
against PBS supplemented with 0.3 mM DTT. 

FuIHength SEDI with a N-terminal GST tag was constructed using 
the pMelBac baculovirus transfer vector Onvitrogen). Upon cotrans- 
ftetion with Bac4«-Blue DNAQnvitrogen}, viral DNAcomaining SEDI 
was isolated, and high-titer viiBl stocks were produced. High five 
cells were infected and Inculiated for 65 hr at 27X. and the cell 
supernatant was assured for SEDI expression by Westem lilotting. 
ForGST-SEDl purification, the cell supernatant was adjusted to pH 
7.4 and 1 M urea (final concentration) wHh subsequ&rit addition 
of glutathione-Sepharosa (Pharmacia). GST-SEDI was eluted from 
glutathione-Sepharose using 100 mM phosphate (pH 8.6), 50 mM 
glutathione, 1 M urea, and 1 mM DTT, followed by extensive dialyss 
In PBS wHh 0.3 mM DTT. 

For expression in C05-7 cells. SB>1 was amplified ty RT-PCR 
and doned into the pc0MA3.1DA^is-Topo mammaEan expres- 
sion vector Onvitrogen). COS-7 ceUs were tittisf ected with FuGENE 
(Roche) In senim-fiee OMEM accordoig to tfie manufacturer's proto- 
col. SEDI enriched membrane vesicles secreted Into the culture 
media were punTied using differential ce nii ifugation (Oshtnta et al., 
2002). 

Recombinant SEDI and tnmcoted forms of SEDI were biotinyl- 
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ated using EZ-Unk Sulfo-NHS-LC-LC-Bbtin CPlerce) according to 

the manufacturer's protocol. 

Antibody Production and Westarn Blot Analysts 
Affinity-pufified (Hi$)««tagg8d SED1 was subjected to preparative 
SDS-PAGE The gei was stained with 100 mM KCI at (TC (NeUes 
and Bamburg, 1 976), and the band representing SE01 was removed 
and served as antigen for the immunization of rabbits and chkkens* 
Reacthnty of prdmmuna and immune sera was determined using 
EUSA. Purification of anti-SEDI IgG was performed using an IgG 
Purirication Kh (Pierce). 

For Western blot analysis, cauda epididymal sperm were washed, 
pelleted. sohibiSzed in 8 M urea, and the soluble sperm proteins 
coflected alter carrtiihigaaon. SEDI -expressing SF9 cells were 
washed free of medium, sonicated ,and oentrifuged to remove insol- 
uble material. Mouse milk was directly sohibiltzed in sample buffer. 
In an instances, soluble protdns were resolved on 10% poiyacryl- 
amide gets and transferred onto lmmot}{lon-P membranes (Miili- 
pore). The memtvanes were blocked in TBST (1 50 mM NaCl, 50 mM 
Tris/HCI [pH 7.5L and 0.1 % Tween 20) containing 2% BSA for one 
hour at 25"C. After incubation with anti-SEOI or anti-GaTT I (Vouakim 
et aL, 1 994) antibody and rinsing, the bour>d IgG was detected with 
goat anti-rabbit-HRP (Amersham) and developed using ECL+pIus 
CAmersham). Protein loading was assayed by probing blots with 
monoclonal antitradies against a-tubulin (Sigma: clone B-5*1«2!). 

Immunohistochemistry 

Testis and epid idymis were isolated from CD-I mice, Toced overnight 
in Bouln's sohjti(m, and paraffin-embedded. Sections (4 fvm) were 
subjected to microwave "antigen retrieval" for two times at 6 min 
full power with t mln cooling period, in 10 mM sodium citrate (pH 
6) (Janssen et al., 1994). Sections were cooled, blocked, and pro- 
cessed for Immunocytochemistiy using 1:100 primary antibody, 
in,O0O HRP-conjugated goat-anti-rebbit (Amersham), and "Dqi^ 
DAB-black substrate IdT (Zymed). 

Cauda epididymal spenn were coOacted in dmKBRT (Ui and Shur, 
1997; Youakim et aL, 1994), {ihared (3^27 Nitex, Sefar America), 
washed three times in PBS, and mounted on polylysine-coated 
slides. Sperm were fixed at -20^ in methanol for 10 min. rinsed, 
and bk>cked for 1 hr in PBS containing 5% normal goat semm 
(PBS/NGS). Sndes were incubated with rabbit anti-SEDI sera (1 :100 
dilution) in PBS/NGS for 1 hr at 25t^, washed, and Incubated with 
FITC labeled goat anti-rabbit antibodies (1:2,000) (Zymed) for 45 
min at 25'*C. After washing, the slides were mounted In PBS w'tOi 
70% glycerol and examined under a Nikon E800 microscope. For 
analysis of live sperm. 100 ^ of washed sperm (5 x 10* sperm/ml) 
in PBS, 0.25% BSA were mixed with antiserum against SEDI, (UIT 
I, or preinumme seium (1:50 final dilution] and incubated for 30 
min at 25*C. The spenn suspension was washed free of excess 
amisenim by layering onto 1 ml of PBS, 3% BSA, and centrifuged 
at 600 X g for S nun at 25^ The spemn suspension was mixed with 
Fab fragments of goat anti-rabbit (1:1000 final, Alexa Ruor 594, 
Molecular Probes), or goat anti-rabblt-FITC (Zymed), for 30 mln at 
2S°C in the daifc, and washed as descrttMd above. The sperm were 
fixed in 1 % parafomialdehyde for 1 0 min and viewed under a Nikon 
E800 microscope. Controls were prepared t»y substituting the pri- 
mary antibody with preimmune serum and nonspecific rabbit IgCa. 

Sperm Capacitation and Binding to the Egg Coat 
Sperm capadtalton and egg binding assays were perfonmed as 
previously reported (Lu and Shur, 1997). For analysis of acrosomal 
status, capacitated spenn were fixed in 2% parafomialdehyde, 
stained with Coomassle, and viewed under the microscope as de- 
scribed (Larson and Miller. 1999). To induce the acrosome reaction, 
A23187 (10 iiJM final, Sigma) was added to capacitated sperm and 
incubated an additional 1 0 min before ffatation and Coomasste stain- 
ing. For egg binding assays, eggs from 8-waek-okl superevulatad 
fettaSoa were freed from their cumulus cans by hyaluronUase treat- 
ment (P^%, 1 0 min, 25X). washed in dmKBRT, and added in groups 
of 20 eggs to 40 |U drops dmKBRT supplemented wtth competing 
agents under parefTin oil. Three to fiva two-cell embryos flushed 
from oviducts of superofvulated females were Included in ovary drop 



as negative controls. 10 ^ speim solution was added to the egg- 
contatning drops and binding was alkiwed to proceed for 30 min 
at 37*C. Afterwards, sperm-egg complexes were washed free of 
unbound or bosely bound sperm. Washing was stopped wtien <3 
sperm remained bound to two-ceD embryos. Sperm-egg complexes 
were fixed in 4% fomnaldehyde, and the number of sperm attached 
to the egg zona peOucida was detennined. 

Binding of SEDI-Coated Microspheres to Zona PaOucida 
and Sperm 

Neutr-Avidin-labeled fluorescent beads (Fiuo-Spheres» Molecular 
Probes), 1 ton, were coated with biotinylated SEDI prote&is as 
described tiy the manufacturer. WGA-bk»tin served as a positiva 
control prot^, UEAI4skitin, BSA-biotin, cytochrome C4»otin. and 
uncoupted Fhio-Spheres were used as nogative controls (AvOes et 
al., 1997). Ovulated oocytes, two-cell embryos, and zona peflucida 
from ovarian oocytes were isolated as described and combined into 
40 ^1 droplets of dmKBRT. To these droplets, 5-10 fil of protein- 
coated Ruo-Spheres were added and incut>ated for 1 hr at 2SX. 
The suspension was washed with a microt)ore pipette to remove 
untsound Ruo-Spheres and subsequentiy examined under the mi- 
croscope. 

For analysis of SEDI binding to sperm, cauda epididymal spenn 
was collected in dmKBRT buffer, filtered and washed twice (400 X 
g, 5 min). and adjusted to 1 0* sperm/pJ. To 50 iil speim suspension. 
3 til of SEDI -coated Fluo-Spheres (0.2 (im) and 7 ^1 of either 
GRGDNP-peptide (BiomoO or GRADSP control peptide (Buckley et 
aL, 1999) was added, final conc entr ation 0-10 mM, and incubated 
torso mln at 25^. Sperm ware washed twice in dmKBRT bufferto 
remove unbound Fhjo-Spheres, mounted, and examined under the 
microscope. 

Purification of Zona Pellucida Gtycoprefteins for SEDI Blot 
Overiay Analysis 

The purification of zona pefludda glycoproteins was done as put>- 
lished elsewhere (MiDer et al., 1992). The proteins were resolved on 
10% polyacfylamide gels and transfenred onto Imnnobiksn^P mem- 
branes (MilGpore) as above. The membranes were blocked in TBST 
containing 2% BSA fori hrat 25X. Subsequently, membmneswero 
incubated witii eiUier (Hi3)rSED1, bk>tinylated (His),-SE01, SED1 
prepared from COS-7 cells, or biotinylated WGA-lecttn (positive con- 
trol) for 1 hr at 25^ and washed three times for 10 min in TBST. 
followed by incubation witti either rabbit anti-SEDI and goat anti- 
rabbit-HRP. or Streptavidin-KRP (Zymed). The membranes were 
washed, developed, and exposed to film as above. 

Creation of SEDI Null Mice 

Two BAC clones were identified ti^t contained the SEDY gene by 
scrawung a commeroial 1 29/Sv ES cell mouse BAC Rbraiy (Genome 
Systems) witii PGR primere conesponding to exon 2 and exon 3. 
A 9 kb EcoRl ftagment containing the SEDI coding regkm was 
subcloned into the bluescript vector K$'t> (Figure 4A). The fiist ksxP 
site, as wan as the neo cassette and two frt sites, were inserted 140 
bp upstream of the ATG start signal, leaving 1 .45 kb of 5' sequences. 
The second kixP site was inserted 160 bp downstream of the signal 
peptide. At ttie 3' end, the target vector was shortened by 1 .5 Mk 
An additional EcoRl site was Introduced into tt\e SEDf gene to 
create diagnostic restriction sites for identifying the targeted allele 
(Figure 4A). 

The target vector (TVSE01) was linearized and transfected into 
ES ceOs. DNA from neomycovresistant clones was sulqected to a 
restriction digest with EcoRT, separated on an 0.6% agarose gel, 
blotted onto a nylon membrane, and probed for an homologous 
recombination evert using '^-dCTP-labeled prot>es eitiier internal 
to the region of tiomology (372 bp Internal Probe) or external (335 
bp External Probe) to ttie targeting construct (Figure 4B). Out of 
288 neomycin>rasistBnt ES clones, 13 (4.2%) could ba identified as 
positive fOrttte targeted SEDI allele. 

Two independent parental ctonas positivB for the SS>T-targeted 
allele («164, #262) ware transfected witii Cre racombinase to excise 
the neo-selection cassette and the exon containing the signal pep- 
tide. The genotype of the ES ckmes was confirmed by PCR analysis 
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using primers that amplify either a 517 bp fragment from the wtld- 
type allele or a 222 bp fragment from the taigeted allele (forward, 
5'-CCTCAGGCTGAGGACTGGCAGCGGC: reveise, 5'-GCTGTCAC 
CGGGTGTCCAGGGTCAOC] {Figure 4A). Four ES ceO clones woe 
expanded and Injected into blastoqfsts, which were transferred into 
pseudopregnant females. The blastocyst injections resulted in nine 
highly chimeric mice, assayed by coat color. The presence of the 
mutated SED1 allele was confimied in two mice from each of the 
original parental dones. CMmeras were mated to C57BI/6 wild-type 
females to create founder mice heterosygous f orthe SfiD I mutation. 
Homozygous SED1 mill noce were created by heterazygous mat- 
ings. Genotypes of the resulting mice were detennined using the 
same PGR strategy as used for genotyptng ES dones (Figure AC), 
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CLAIMS 
We claim: 

1 . A method for enhancing the likelihood of fertilization of an egg in a mammalian 
species comprising addition of SED1 to a solution containing sperm or an egg. 

2. The method of claim 1, wherein SED1 is added to an in vitro mixture of sperm 
and one or more eggs. 

3. A method for enhancing the likelihood of fertilization of an egg in a mammalian 
species comprising addition of SED1 Functional Protein to a solution containing 
sperm or an egg. 

4. The method of claim 3, wherein SED1 Functional Protein is added to an in vitro 
mixture of spemn and one or more eggs. 

5. The method of claim 4, wherein SED1 Functional Protein is recombinant protein. 

6. The method of claim 5. wherein said recombinant SED1 Functional Protein is 
produced in bacteria or yeast. 

7. A method for diagnosing infertility in a male comprising: 

(i) Obtaining sperm from a male 

(ii) Assaying said spemi for the presence of SED1 protein 

8. The method of claim 2, wherein the amount of SED is quantified and compared 
to normal SED1 concentrations in sperm. 

9. A method for decreasing the likelihood of pregnancy comprising administering to 
a female a composition comprising a SED1 variant having a binding site for eggs 
but lacking a binding site for sperm. 

10. A method for decreasing the likelihood of pregnancy comprising administering 
antibodies to SED1 to a mammal. 
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